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Electron  Tunndi^  Determination  of  the  Order-Parameter  Amplitude  at  the 
Superconductor-Insulator  Transition  in  2D 

J.  M.  Valles,  Jr.,*'*  R.  C.  Dynes,***  and  J.  P.  Gamo*** 

Materials  Science  Institute,  University  of  Oregon,  Eugene,  Oregon  97403 
Department  of  Physics,  University  of  California  at  San  Diego,  La  Jolla,  California  92093 
T  Bell  Laboratories.  600  Mountain  Avenue,  Murray  Hill,  New  Jersey  07974 
(Received  23  April  1992) 

We  have  investigated  the  behavior  of  the  superconducting  energy  gap  A  in  ultrathin  films  of  quench 
condensed  Bi  near  the  superconductor-insulator  (SI)  transition.  From  electron  tunneling  measurements 
on  these  films,  we  conclude  that  A  becomes  very  small  and  approaches  zero  at  the  SI  transition.  We 
studied  high-sheet-resistance  films  with  Tto's  as  low  as  0.19  K.  This  is  a  factor  of  40  lower  than  the 
low-sheet-resistance  film  Ttt  of  6.4  K. 

PACS  numbers:  74.6S.-t-n.  74.7S.-l-t,  74.S0.-«-r 


As  the  amount  of  disorder  is  increased  in  a  metallic 
system  the  conduction-electron  states  begin  to  localize, 
and  the  strength  of  the  effective  electron-electron  interac* 
tions  increases.  These  two  effects  hinder  the  formation  of 
the  normally  superconducting  state  in  a  disordered  ma¬ 
terial.  The  localization  of  the  electrons  opposes  the  for¬ 
mation  of  a  coherent  state  over  distances  longer  than  the 
localization  length.  The  enhanced  repulsive  electron- 
electron  interactions  will  reduce  the  net  attractive  in¬ 
teraction  that  is  required  for  Cooper  pairing.  In  two- 
dimensional  systems  the  effects  of  increasing  disorder  on 
the  superconducting  state  are  dramatic  and  eventually 
drive  a  transition  from  a  superconducting  to  an  insulating 
state  (1-6]. 

To  qualitatively  describe  this  transition  it  is  helpful  to 
consider  the  superconducting  order  parameter  V  oc 
where  the  amplitude  of  the  order  parameter,  Ao,  is  the 
zero-temperature  energy  gap  and  4  is  its  phase.  If  a  film 
is  composed  of  islands  that  are  large  enough  to  have  in¬ 
dependent  superconducting  properties  then  the  supercon¬ 
ducting  state  can  be  weakened  by  reducing  the  (Joseph- 
son)  coupling  between  the  ulands.  This  is  accomplished 
by  reducing  the  tunneling  probability  between  the  islands 
which  results  in  an  increase  in  the  normal-state  sheet 
resistance,  /?□,  of  the  film.  Fluctuations  in  the  phase  of 
the  order  parameter  ensue,  which  when  strong  enough 
destroy  the  long-range  phase  coherence  across  the  film 
(2,6,7].  The  situation  has  been  shown  to  be  different  for 
the  case  where  the  morphology  of  the  film  is  more  homo¬ 
geneous,  i.e.,  for  disorder  on  shorter  length  scales.  In  sys¬ 
tems  that  are  not  too  close  to  the  superconducting  to  insu¬ 
lating  transition,  increases  in  Ra  have  been  shown  to  lead 
to  well-defined  decreases  in  the  amplitude  of  the  order 
parameter  (7,8]  and  the  mean-field  transition  tempera¬ 
ture,  Teo  (3-1 1],  in  direct  contrast  with  the  islanded  film 
case.  One  might  expect  that  very  near  the  superconduct¬ 
ing  to  insulating  transition,  fluctuations  in  the  amplitude 
of  the  order  parameter  would  play  a  dominant  role  in 
driving  the  transition.  Recently,  however,  it  has  been  ar¬ 
gued  that  even  in  these  systems,  phase  fluctuations  dom¬ 


inate  the  physics  of  the  superconducting  to  insulating 
transition  (6,12].  In  this  paper  we  present  tunneling  and 
transport  results  on  uniformly  disordered  Bi  films  that  are 
very  close  to  the  superconducting  to  insulating  transition. 
We  find  that  the  energy  gap  in  these  films  is  reduced 
significantly  from  its  bulk  value,  showing  that  the  ampli¬ 
tude  of  the  order  parameter  continues  to  decrease  at  the 
same  rate  as  Teo  even  near  the  transition.  That  is,  the 
amplitude  of  the  order  parameter  is  extremely  small  or 
zero  at  the  superconductor  to  insulator  transition  in  the 
homogeneous  case.  Fluctuations  in  the  amplitude  must 
therefore  be  at  least  as  important  as  fluctuations  in  the 
phase  of  the  order  parameter. 

The  electron  tunneling  and  transport  measurements  de¬ 
scribed  here  were  performed  on  films  evaporated  onto 
substrates  that  were  held  at  low  temperatures  (4-7  K)  in 
a  cryogenic  evaporator.  The  substrates  were  thermally 
connected  to  the  mixing  chamber  of  a  dilution  refrigera¬ 
tor  giving  a  temperature  range  for  our  measurements  of 
0. 1 3  <  T  <  7.0  K.  Contact  pads  and  an  Al  strip  of  width 
0.01  in.  were  deposited  on  the  substrate  prior  to  cooling 
down  the  apparatus.  The  Al  strip  had  a  small  amount  of 
Mn  impurities  in  it  to  prevent  it  from  superconducting. 
It  was  oxidized  in  air  and  served  as  the  counterelectrode 
in  the  tunnel  junctions,  AI/oxide/Bi  film.  At  low  temper¬ 
atures,  a  I  -2-monolayer  film  of  Sb  was  evaporated  onto 
the  substrate  and  Al  oxide  surfaces  followed  by  a  series  of 
Bi  evaporations.  The  width  o!  the  Bi  film  wai  0. 1  in.  so 
that  the  tunnel  junction  area  was  0. 1  in.xQ.OI  in.  TheSb 
film  is  an  insulator  and  helps  the  Bi  form  a  very  thin  uni¬ 
form,  continuous  film  (13].  For  example,  the  mass  of  Bi 
per  unit  area  for  a  film  with  RaO  kn/O  was 

equivalent  to  only  four  atomic  layers  of  crystalline  Bi. 
After  each  Bi  evaporation  the  resistance  of  the  film  as  a 
function  of  temperature,  and  the  voltage  dependence  of 
the  tunnel  junction  conductance,  Gj(.V),  were  measured. 
The  Sb  film  and  the  Al  oxide  serve  as  the  tunnel  barrier. 
The  completed  tunnel  junction  had  the  standard  cross 
stripe  geometry.  Care  was  taken  to  assure  that  the  mea¬ 
surements  of  Gj(y)  with  the  Bi  film  in  the  normal  state 
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wwe  not  iaflueooed  by  the  sheet  resutonce  of  the  Bi  film. 


With  this  amngement,  we  can  correlate  all  changes  in 
the  tunnel  junction  conductance  with  changes  in  Ra  and 
so  with  changes  in  the  film  properties  and  not  to  changes 
in  the  tunnel  junction  barrier.  We  present  tunneling  and 
transport  data  on  three  Bi  films,  two  with  high  Ra  (near 
the  superconducting  to  insulating  transition),  and  one 
with  a  very  low  Rq.  All  three  were  evaporated  in  se¬ 
quence  onto  the  same  film  and  tunnel  junction.  We  have 
obtained  qualitatively  similar  results  on  Pb  films  in  other 
experimental  runs.  In  all  cases,  the  tunnel  junctions  were 
of  high  quality,  showing  essentially  no  leakage  current 
due  to  nontunneling  conduction. 

Recent  measurements  on  ultrathin  Bi  films  have  shown 
that  the  superconducting  to  insulating  transition  occurs 
near  Ra(r>  7V)=>6.4S  koAi]  (4].  We  have  measured 
the  temperature  dependence  of  the  sheet  resistance  and 
the  tunneling  density  of  states  of  similar  uniform  Bi  films 
in  order  to  evaluate  the  behavior  of  the  amplitude  of  the 
order  parameter  near  this  superconductor  to  insulator 
transition.  In  Fig.  I  we  plot  the  Ra(T)  for  two  Bi  films 
with  Rod  K)ai8.0  and  5.8  kllAl  Both  films  show  be¬ 
havior  suggesting  that  at  r~0  they  would  be  insulators 
(dR/dT  <  0),  but  then  have  reasonably  sharp  supercon¬ 
ducting  transitions.  In  the  case  of  the  8.0-kaA3  film  the 
minimum  resistance  that  we  measured  was  limited  by  the 
base  temperature  of  our  refrigerator.  Clearly  both  films 
show  mean-field  transition  temperatures  that  are  greatly 
depressed  from  the  thick  Bi  film  value,  rro’=^6.4  K,  which 
was  achieved  upon  further  evaporation.  If  we  take  the 
midpoint  of  RaCT)  to  give  TVo  then  we  find  that  7Vo~0.7 
and  0.19  K  for  the  5.8-  and  8.0-knA3  films,  respectively. 
These  films  are  very  close  to  the  superconducting  to  insu¬ 
lating  transition.  In  fact  we  find  that  the  8.0-kn/a  film 
superconducts,  in  contrast  with  earlier  measurements  on 
Bi  films  evaporated  onto  Ge  (4],  for  which  a  case  was 
made  that  the  SI  transition  occurred  at  hfAe^=‘6.5  kn. 


FIG.  I.  Resistance  as  a  function  of  temperature  for  two 
sequentially  evaporated  films  that  had  sheet  resistances  at  7  K. 
Rod  K).ofS.8  and  8.0kn/tl 


A  slightly  thinner  film  with  higher  Ra  is  insulating.  We 
speculate  that  the  discrepancy  between  these  experiments 
results  from  the  diflerent  preplating  elements,  Sb  and  Ge, 
that  were  used.  Together  the  results  support  the  idea 
that  SI  transition  does  not  occur  at  a  universal  value  of 
Ra.  The  purpose  of  this  paper  is  to  study  the  amplitude 
of  the  superconducting  order  parameter  on  the  supercon¬ 
ducting  side  of  the  SI  transition. 

We  can  learn  abcut  Ih?  amplitude  of  the  order  parame¬ 
ter  or  the  energy  gap  near  the  superconductor  to  insulator 
transition  by  measuring  the  tunneling  density  of  states  of 
these  films.  The  conductance  of  a  normal-metal/oxide/ 
superconducting  film  tunnel  junction  can  be  written  [2] 

Gj{V,T)ccNi  V"" NsiE)NN^E)^--^^  PiE)dE  , 

dE 

(I) 

where  Nj,  is  the  density  of  states  of  the  A1  electrode 
which  is  assumed  constant,  7V5(£)*-l£|/(£^— A*)'^  is 
the  BCS  density  of  states,  NuiE)  is  the  normal-state 
density  of  states,  £  is  the  electron  energy  measured  from 
the  Fermi  energy  £f ,  /  is  the  Fermi  function,  and  £(£) 
is  the  tunneling  probability  which  on  the  voltage  scales 
considered  here  is  approximately  constant.  At  low  tem¬ 
peratures  (rcTfo)  the  Fermi  functions  are  sharp  and 
Eq.  (1)  reduces  to 

Gj(y) «  N2Ns(ey)NsieV) .  (2) 

Thus,  a  measurement  of  the  voltage  dependence  of  the 
conductance  at  low  temperatures  gives  a  measure  of  the 
density  of  states  of  the  film  as  a  function  of  energy. 

In  Fig.  2  the  conductance  of  the  tunnel  junction  for  the 
5.8-  and  8.0-kn/D  films  at  r~O.I3  K  and  a  very  low  Ra 


FIG.  2.  Tunnel  junction  conductances  as  a  function  of  volt¬ 
age  for  the  8.0-knA3  (lowest  curve)  and  S.8-knA3  (middle 
curve)  films  at  T—O.IS  K  and  for  a  £□(?  K)— 75  0^3  film 
(upper  curve)  at  T«0.3  K.  The  junction  conductances  are 
normalized  by  that  of  the  7S-nA]  film  measured  at  a  tempera¬ 
ture  above  its  Tf.  Inset;  The  data  for  the  5.8-  and  8.0-knA3 
films  on  an  expanded  scale. 


3568 


•  Volume  69,  numww  24 


PHYSICAL  REVIEW  LETTERS 


14  DECEMEER  1992 


ilm,  75  aM  at  r  <  1.0  K,  are  plotted  as  a  fuaction  of 
vohafe.  The  tuanel  ^uictioa  oondactaaoei  of  the  two 
Ra  flints  have  been  nomtaUaed  to  the  nonnal-state 
conductance  for  the  vwy  ktw  Ra  flint  which  is  essentially 
vohiM  independent  over  this  ranfe  and  equal  to  0.063 
kO  .  This  procedure  eliminates  P  and  is  legitimate  be¬ 
cause  the  75-0^  film  is  the  result  cf  subeequent  evapora¬ 
tions  on  the  same  junction.  There  are  three  important 
features  of  these  data.  First,  the  overall  tonnel  junction 
conductance  cf  the  Ro  for  these  films  is  smaller  over 
this  voltage  range  than  that  of  the  low  Rb  film,  e.g..  Gj(5 
mV,  S.8  kn)wi0.4G^  (S  mV,  75  0^3).  Second,  there  is  a 
*‘cusp’*  in  Cj  at  K  ~0.  These  features  are  characteristic 
cf  tuanehng  into  disordered  thin  films  and  have  been 
studied  extensivdy  tl4,l5).  Finally,  there  is  a  bump  in 
GjiV)  at  a  low  voltage  in  the  5.S-kO/D  film  which  ap¬ 
pears  below  the  transition  temperature  of  thb  film.  This 
bump  is  clearer  in  the  expand^  data  in  the  inset  of  Fig. 
2. 

The  first  two  features  are  qualitatively  what  one  would 
expect  to  see  baaed  on  obeervatioos  inade  in  tunneling 
measurements  on  lower  Ra  films.  It  has  been  shown  that 
m  low  Ra  films,  Ro<A/4e^  disorder-enhanced  Coulomb 
interactions  lead  to  logarithmic  corrections  to  the  density 
of  states  of  the  form 


d/V.(£) 

/V« 


1  Rq 
16*  (6.5  kn) 


xln 


(, . liL- 

hDilx/d)^ 


(2x)^l£i 

hDK*d^ 


(3) 


in  the  weak  disorder  limit  (151.  is  the  ekctrmic 
diffusivity,  r  b  the  2D  screening  wave  number,  and  d  is 
the  film  thickness.  These  corrections  lead  to  a  cusp  and 
an  overall  reduction  in  GjiV)  similar  to  what  we  o^rve 
in  thb  strongly  disorde^  film.  In  earlier  work,  we 
showed  that  the  overall  reduction  in  GjiV)  in  junctions 
on  films  with  Ro  up  to  500  nM  for  which  the  density  td 
states  correction  at  5  mV  (the  average  phonon  energy 
relevant  for  superconductivity  in  Pb)  b  about  10%,  agrees 
quantitatively  with  thb  model  [9l.  Thus,  we  believe  that 
tlK  data  on  these  high  Ra  films  show  that  disorder- 
enhanced  Coulomb  interactions  suppress  the  tunneling 
density  of  states  very  strongly,  by  nuxe  than  50%  at  5 
meV. 

Near  K— 0  a  ‘*bump”  can  be  observed  in  <7y(K)  for  the 
5.8-koAl  film  at  T^O.IS  K  <  Tco^^O.l  K.  This  is  more 
dear  on  the  smaller  voltage  scale  of  the  inset  of  Fig.  2. 
We  associate  thb  bump  with  the  peak  in  the  density  of 
states  at  K— A/e  in  thb  superconducting  film.  In  Fig.  3 
we  plot  Gj(y)  at  r~O.I3  K  normalized  to  Gj(y)  at  0.61 
K  over  a  smaller  voltage  scale.  This  normalization  re¬ 
moves  most  of  the  energy  dependence  of  the  normal-state 
density  of  states  and  brings  out  the  structure  in  the  super¬ 
conducting  density  of  states.  While  this  normalization 
procedure  b  only  approximate,  we  believe  that  it  is 


FIG.  3.  Tunnel  junction  conductance  of  the  S.8-knA3  film  at 
T~0.I3  K  normalized  to  its  conductance  at  r~0.6l  K. 


sufficiently  good  to  give  us  a  superconducting  dennty  of 
states  that  b  very  near  the  true  answer.  The  shape  of  the 
normalized  conductance  qualitatively  resembles  that  ex¬ 
pected  for  tunnding  into  a  BCS  superconductor.  There  b 
a  peak  in  the  normalized  conductance  and  a  reduction  of 
the  number  of  states  near  the  Fermi  energy.  The  devia¬ 
tions  from  perfect  BCS  behavior  may  be  partially  due  to 
the  normalization  procedure  that  we  have  had  to  use  and 
may  also  reflect  the  fact  that  the  density  of  states  in  a 
strongly  disordered  superconducting  film  may  be  different 
fnm  the  BCS  form  because  of  quasiparticle  lifetime  or 
fluctuation  effects  (2,16,171.  For  such  films  where  Te  b 
so  severely  reduced,  it  b  not  unexpected  that  fluctuation 
effecb  are  eventually  observed.  Neverthelms,  the  signa¬ 
ture  of  the  superconducting  energy  gap  b  clear.  We  can 
estimate  the  size  of  the  energy  gap  from  these  data  by 
measuring  the  voltage  at  whi^  the  normalized  conduc¬ 
tance  crosses  I  [18].  We  get  A^O.082  meV.  Taken  with 
the  resistive  midpoint  we  get  2&Jk$Tc^2J.  In  view  of 
the  substantial  normalization  effects  thb  is  reasonably 
close  to  the  BCS  value.  Thb  implies  that  this  high-Ro  Bi 
film  has  nearly  BCS-like  characteristics. 

On  the  highest  Ra  film  (8.0  knA3),  we  indeed  observe 
the  beginning  of  the  opening  of  a  gap  as  shown  in  the  in¬ 
set  of  Fig.  2.  Because  we  are  not  at  sufficiently  reduced 
temperature,  TiTeO,  and  the  potential  normalization  er¬ 
rors  are  more  severe,  however,  more  quantitative  analysis 
seems  inappropriate  at  the  moment. 

In  earlier  work,  on  uniform  ultrathin  films  of  Pb  and 
Sn,  the  reduction  in  Te  with  Ro  was  shown  to  be  accom¬ 
panied  by  a  reduction  in  A  in  such  a  way  that  2Ao/ 
l[a7Vo=‘Const  for  Ra^  3  kO^l  (8,9l.  The  films  showed 
BCS  behavior  with  reduced  transition  temperatures.  The 
reduction  in  A  and  Teo  correlated  with  a  reduction  in  the 
tunneling  density  of  states  due  to  disorder-enhanced 
electron-electron  interactions.  The  size  of  the  reduction 
in  N„(.E)  has  been  shown  to  be  sufficient  to  account  for 
the  depression  of  Te  and  A  in  these  films  (9,19).  Our  re- 
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Mitt  Imc  MfgMt  that  this  tnad  oMthraas  ap  to  the  tu* 
paooadiidiiig  to  inMiatiof  traarition.  That  is,  r«o  and 
he  deciease  at  the  tame  rate  even  in  films  near  the  super¬ 
conducting  to  insulating  transition  and  at  the  transition, 
Tto  and  A  go  to  zero.  The  concomitant  reduction  in  the 
tunneling  density  of  states  at  the  average  electron-phonon 
frequency  implies  that  the  reduction  in  Tro  and  Aq  are 
due  to  disorder-enhanced  electron-electron  interactions 
[9,19].  We  conclude  that  the  amplitude  of  the  order  pa¬ 
rameter  is  extremely  small  or  zero  at  the  superconducting 
to  insulating  transition  in  these  homogeneous  films.  We 
add,  however,  that  in  the  granular  case  we  reach  a  very 
different  conclusion.  The  amplitude  Ao  is  finite  at  the 
transition  and  Teo  is  not  well  defined  (2,7l. 

Recently,  theories  of  the  SI  transition  have  been  pro¬ 
posed  that  argue  that  the  transition  is  driven  by  increased 
phase  fluctuations  of  the  order  parameter  (12].  In  this 
picture,  below  a  critical  resistance  but  in  the  critical  re¬ 
gime  the  Cooper  pairs  form  a  Bose  superfluid.  Above  the 
critical  resistance  these  bosons  localize  and  a  superfluid 
of  vortices  exists.  Since  the  vortices  move  freely  through 
the  system  there  are  large  phase  fluctuations,  dissipation, 
and,  consequently,  insulating  behavior.  What  is  essential 
to  this  picture  is  that  the  amplitude  of  the  order  parame¬ 
ter  must  be  finite  and  robust  in  the  vicinity  of  this  transi¬ 
tion.  The  formation  of  vortices  requires  a  well-developed 
order-parameter  amplitude.  Our  work  here  shows  that  in 
uniform  Bi  films,  the  amplitude  of  the  order  parameter 
(energy  gap)  goes  to  zero  or  becomes  extremely  small 
near  the  transition,  i.e.,  it  is  not  well  developed.  It  is 
small  enough  that  fluctuations  in  its  amplitude  should  be¬ 
come  significant.  While  we  cannot  rule  out  from  the  data 
of  Fig.  3  that  there  may  be  some  fluctuation  effects  ob¬ 
served,  it  is  clear  that  A— » 0  as  Tf  —  0  and  there  are  fer¬ 
mions  in  the  system  close  to  the  transition.  Thus,  we  ar¬ 
gue  that  a  theoretical  description  of  the  superconducting 
to  insulating  transition  in  these  uniform  Bi  films  must 
take  fluctuations  in  the  amplitude  as  well  as  the  phase  of 
the  order  parameter  into  account.  We  emphasize  that 
these  tunneling  measurements  show  very  clearly  that  in 
this  uniform  case  A— 0  at  the  transition,  unlike  in  the 
granular  case  where  it  has  been  shown  that  A  remains 
finite  through  the  transition  [2]. 
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We  have  measured  the  perpendicular  upper  criticai  field,  Hdi  T),  in  ultrathin  granular  Pb  films  with 
normal-state  sheet  resistances,  Rh,  that  range  from  10  Q  to  11  kd.  The  films  with  the  highest  are 
near  the  threshold  for  the  superconductor-to-insulator  IS-D  transition.  We  compare  our  results  to  cal¬ 
culations  for  granular  superconductors  and  obtain  values  for  the  grain  size  and  coherence  length  charac¬ 
teristic  of  a  single  grain.  In  addition,  we  present  a  measurement  of  the  ratio  of  the  intergrain 
Josephson-coupling  energy  to  the  single-grain  condensation  energy  near  the  S  -/  transition  in  these  films. 
The  small  value  of  this  ratio,  0.0S,  atJtjy^llknis  consistent  with  the  picture  that  fluctuations  in  the 
phase  of  the  order  parameter  dcmiinate  the  S-/  transition  in  these  films. 


Much  recent  work  has  shown  that  the  introduction  of 
disorder  into  ultrathin  superconducting  films  weakens 
and  destroys  their  superconducting  properties  and 
renders  them  insulating  at  T  =0.'~^  The  qualitative  na¬ 
ture  of  this  superconductor-to-insulator  (5-7)  transition 
depends  stron^y  on  the  morphology  of  the  particular 
films  under  study.  In  films  composed  of  grains  that  are 
weakly  coupled  to  one  another  but  individually  large 
enough  to  support  bulk  superconducting  order-parameter 
amplitudes,  the  5-7  transition  occurs  when  the  phases  of 
the  order  parameters  of  the  individual  grains  berame  un¬ 
correlated.' The  amplitude  of  the  order  parameter 
remains  finite'  and  phase  fluctuations  drive  the  transition. 
In  more  homogeneously  disordered  superconductors,  the 
amplitude  of  the  superconducting  order  parameter  de¬ 
creases  with  increasing  normal-state  sheet  resistance, 
Rn*’^  high  enough  Rjy,  the  amplitude  of  the  order 
parameter  disappears'"  and  the  mean-field  transition  tem¬ 
perature,  goes  to  zero.’~^  Fluctuations  in  the  ampli¬ 
tude  of  the  order  parameter  are  important  in  driving  this 
5-7  transition.  Unfortunately,  not  all  films  fall  neatly 
into  one  of  these  two  categories.  Measurements  that  can 
reveal  information  about  the  structure  of  superconduct¬ 
ing  films  near  the  S-7  transition,  therefore,  are  important. 

Earlier  work  on  three-dimensional  (3D)  granular  super¬ 
conductors  has  shown  that  measurements  of  the  upper 
critical  field,  provide  direct  information  about  their 
structure."  ~ In  a  dirty  type-II  superconductor: 


^0 

liri{T9  ’ 


(1) 


where  Og  is  the  flux  quantum  and  ^  is  the  Ginzburg- 
Landau  coherence  length.  Physically,  it  is  the  distance 
that  an  electron  diffuses  during  the  Ginzburg-Landau  re¬ 
laxation  time.'^  If  there  is  macroscopic  structure  in  a  su¬ 
perconductor  that  limits  the  diffusion  of  an  electron  dur¬ 
ing  this  time  then  it  will  affect  ^  and,  hence,  T). 

With  this  in  mind,  we  have  measured  the  perpendicu¬ 
lar  upper  critical  field,  in  granular  Pb  films  to 


learn  about  their  structure.  We  find  that  at  low  R^, 
depends  linearly  on  T  over  a  relatively  large  temperature 
range  as  expected  for  a  dirty  type-II  superconductor  that 
is  homogeneously  disordered.  With  increasing  Rff,  the 
size  of  the  linear  region  shrinks  and  negative  curvature 
develops  at  lower  temperatures.  The  strength  of  the  neg¬ 
ative  curvature  increases  toward,  but  does  not  reach,  the 
square-root  temperature  dependence  expected  for  per¬ 
fectly  isolated  grains.  Nevertheless,  the  increasing  curva¬ 
ture  reflects  the  presence  of  granular  structure  in  these 
films.  Prom  these  data  we  obtain  a  measurement  of  the 
radius  of  the  smallest  grains  in  the  system,  the  coherence 
length  on  a  grain,  and  a  measurement  of  the  ratio 
Ej/Egoa>  the  relative  strength  of  the  intergrain 
Josephson-coupling  energy,  and  the  single-grain  conden¬ 
sation  energy.  At  /{/^  =  11  kU,  this  ratio  is  »0.0S,  a 
small  value  that  is  consistent  with  the  picture  that  the  5-7 
transition  in  granular  Pb  films  is  driven  primarily  by 
phase  fluctuations. 

Granular  Pb  films  with  small  grain  sizes  were  desired 
for  these  experiments.  To  achieve  this,  the  Pb  films  were 
fabricated  by  thermal  evaporation  onto  glass  substrates 
that  were  held  at  a  temperature,  T,  near  8  K.  The  sub¬ 
strates  were  heat  sunk  to  a  helium  pot  that  sits  in  a  vacu¬ 
um  can  that  is  centered  in  the  bore  of  a  superconducting 
magnet  and  immersed  in  liquid  helium.  Ilie  cryopump- 
ing  action  by  the  surrounding  can  walls  reduces  the  pres¬ 
sure  of  gases  other  than  helium  to  <  10~ '"  torr.  Hence, 
the  films  are  free  of  contaminants  such  as  O2.  These  films 
became  electrically  continuous  when  the  mass  per  unit 
area  of  Pb  deposited,  as  measured  in  situ  with  a  quartz 
microbalance,  was  equivalent  to  a  thickness  d  «60  A  of 
bulk  crystalline  material.  Similar  films  have  been  used  in 
numerous  studies  of  the  5-7  transition.' 

Four  terminal  measurements  of  the  sheet  resistance  of 
the  Pb  films  were  performed  in  situ  using  standard  dc  and 
ac  lock-in  techniques.  In  the  following,  we  present  data 
obtained  in  two  separate  experiments.  A  given  experi¬ 
ment  consists  of  a  series  of  evaporations  of  Pb  to  form  a 
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■ingte  ttin  wteh  tnaiport  uMwareoMntt  perftmned  be¬ 
tween  evaporations. 

The  lumnal-state  sheet  resistance  of  the  fihns  measured 
at  8  K,  Rf/,  depends  exponentially  on  d  for  Rf,  >  3000. 
In  this  regime,  the  film  is  compost  of  islands  and  Rf/  is 
dominated  by  interisland  electron  tuimeling  rates  wUch 
depend  exponentially  on  the  distances  between  islands. 
The  resistivity  of  the  individual  islands  contributes  very 
little  to  Rf/.  At  lower  sheet  resistances,  Rf/  depenth 
much  less  strongly  on  d,  indicating  that  interisland  tun¬ 
neling  processes  do  not  dominate  Rf/  and  the  resistivities 
of  the  individual  islands  become  important. 

Typical  superconducting  transitions  for  films  with 
/ljv=230O  and  10  kO  in  0-  and  2-T  magnetic  fields  ap¬ 
plied  perpendicular  to  their  planes  are  shown  in  Fig.  1. 
In  both  cases,  a  drop  in  resistance  from  0.9Rt/  to  0.  l/tjy 
occurs  over  a  relatively  narrow  temperature  range.  This 
range  increases  with  Rf/  and  reaches  O.S  K  at  Rf/’^ll 
kn.  We  associate  this  drop  with  the  mean-field  transition 
of  the  superconducting  fihns.  We  designate  Hd  as  the 
field  at  which  the  sheet  resistance  has  dropped  to  Rf//2. 
Choosing  a  different  criterion,  such  as  ff^/lO,  has  very 
little  impact  on  the  results  that  we  present  here.  Below 
0.  IRf/,  there  is  a  resistive  tail  that  increases  in  size  with 
increasing  Rf/.  Eventually,  this  tail  dominates  the  transi¬ 
tion  and  makes  the  determination  of  the  mean-field  tran¬ 
sition  temperature  ambiguous.  For  this  reason,  we  only 
present  data  on  films  with  Hat  -  ^  1 

In  Fig.  2,  we  present  our  measurements  of  for  films 
with  lOSl<Rf/  <  1 1  kfl.  We  have  plotted  Hg2  as  a  func¬ 
tion  of  T /TfO  since  the  zero-field  transition  temperature 
TgQ  in  these  films  depends  on  sheet  resistance,  there  are 
three  features  of  these  data  on  which  we  will  concentrate. 
First,  near  except  perhaps  in  the  three  highest  Rf/ 
films,  depends  linearly  on  temperature.  Second, 

Hcz(  T)  develops  curvature  farther  below  ^cO  and  this  cur¬ 
vature  increases  with  increasing  Rf/.  Finally, 
creases  with  Rf/  and  appears  to  saturate  at  the  higher  Rf/ 
at  low  temperatures.  This  behavior  closely  resembles 
that  observed  in  three-dimensional  granular  systems  as  a 
function  of  resistivity."’*^  In  this  paper,  we  use  the  re- 


FIG.  I.  Sheet  resistance  as  a  function  of  temperature  for  two 
Pb  films  with  different  R//.  The  open  and  solid  circles  were  ob¬ 
tained  from  0-  and  2-T  magnetic  fields  applied  perpendicular  to 
the  plane  of  the  films.  The  lines  are  guides. 


T/Teo 


FIG.  2.  Perpendicular  upper  critical  field  as  a  function  of 
temperature  for  films  with  different  R^.  The  values  of  R^,  T^o 
are  the  following:  open  circles,  1 1.3  kd,  6.67  K;  open  triangles, 
I.2S  kn,  6.79  K;  diamonds,  5720,  6.83  K;  stars,  2920,  6.88  K; 
squares,  lOOO,  6.96  K;  solid  circles,  340,  7.05  K;  solid  triangles, 
lOO,  7.05  K. 


suits  of  these  earlier  studies  to  obtain  a  picture  of  the 
structure  of  two-dimensional  films  that  are  near  the  S-I 
transition. 

To  qualitatively  understand  our  data  we  appeal  to 
models  of  ordered  Josephson  junction  arrays  of  spherical 
grains.'*  These  models  have  been  successful  in  describing 
HcziT)  in  granular  3D  superconductors  in  weak  magnetic 
fields  and  strong  magnetic  fields  with  weak  intergrain 
coupling.  For  the  former  case,  the  granular  films  should 
behave  like  dirty  type-II  superconductors  for  which 
H^z^ T)  is  linear  in  temperature  with**’*^’** 


|(r)=0.855(^„/)*^^ 


(2) 


where  /  is  the  mean  free  path,  is  the  zero-temperature 
clean  limit  coherence  length,  and  H^z^  T)  is  given  by  Eq. 
(1).  This  formula  applies  when  the  length  scale  charac¬ 
terizing  the  disorder  in  a  type-II  superconductor  (e.g.,  the 
average  grain  radius  in  a  granular  film)  is  shorter  than 

D,  the  effective  coherence  length  for  the  film.  This  will 
always  be  satisfied  sufficiently  close  to  Tco  where  ^(T) 
diverges.  Physically,  the  upper  critical  field  is  the  field  at 
which  the  cores  of  the  field-induced  vortices  overlap  and 
the  amplitude  of  the  superconducting  order  parameter  is 
depressed  to  zero  throughout  the  sample. 

We  fit  the  linear  region  of  H^zi  T)  for  each  of  the  four 
lowest  Rf/  films  and  plotted  the  quantity  ' 

versus  kfl  in  Fig.  3  to  check  whether  the  data  agree  with 
Eq.  (2).  /  was  determined  using  the  Drude  model  for  the 
resistivity  and  the  free-electron  value  for  kf  for  Pb.  In 
addition,  we  have  included  approximations  to  the  slopes 
of  H^z  ^co  fof  the  highest  R  //  films.  These  points  are 
only  approximate  lower  bounds  for  \TcadH^2^dT\,  as  the 
linearity  of  H^z  could  not  be  establish^  for  these  films. 
For  ajl  of  the  data,  |^(0)  ranges  from  approximately  16  to 
100  A.  The  solid  line  represents  the  expected  behavior 
for  a  superconductor  with  |:c,=640  A.  The  data  asymp- 
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FIG.  3.  Slope  of  \Ta^.dH^i(T)/dT)\-'  vs  kft.  The  Une  has 
been  calculated  for  an  ideal  dirty  type-II  superconductor  with 

k. 


FIG.  4.  H}i  vs  T /Tco  for  the  1 1-kO  film.  The  line  has  been 
fit  to  the  three  highest  field  points  to  estimate  the  asymptotic 
behavior. 


toticaUy  approach  this  line  with  increasing  /.  This  agree¬ 
ment  with  Eq.  (2)  seems  very  reasonable.  The  deviations 
from  the  straight  line  occur  at  the  shortest  mean  free 
paths  where  the  determination  of  \Tg(^Hf2/dT\  is  the 
most  uncertain.  For  bulk  Pb,  ^^=630  A,  which  is  near 
the  measured  value.  The  slight  difference  may  be  the  re¬ 
sult  of  the  stronger-coupling  behavior  of  quench  con¬ 
densed  Pb  films  compared  to  that  of  crystalline  bulk  Pb. 

Farther  below  TcO»  He2^T)  deviates  from  simple  type-II 
behavior  showing  negative  curvature  that  increases  with 
R/,.  This  is  qualitatively  consistent  with  what  should 
occur  in  the  limit  of  weak  intergrain  coupling  and  strong 
magnetic  fields  where 


<^0 

iTTi^ 


(3) 


high  fields  and  low  temperatures.  The  highest  Ry  film 
satisfies  these  criteria.  The  lower  Rf,  films  do  not  show 
this  behavior  as  clearly.  The  solid  line  in  Fig.  4 
represents  the  best  fit  to  the  asymptotic  high-field  form 
for  this  film. 

The  parameters  obtained  from  the  fit  to  the  ll-kQ  film 
provide  us  with  important  quantitative  insight  into  the 
properties  of  this  system  near  the  S-f  transition.  The  y- 
axis  intercept  of  the  linear  fit  to  these  date  gives 
He2(0)=7.55  T  and  the  slope  of  the  line  gives  the  zero- 
temperature  upper  critical  field  for  an  isolated  single 
grain  in  the  film,  Hi„{0)=7.68  T.  as  it 

should  be  according  to  Eq.  (3)  and  the  difference  in  these 
two  fields  should  be  related  to  the  degree  to  which  the  in¬ 
dividual  grains  in  the  film  are  coupled  to  one  another.  To 
show  this,  we  rewrite  Eq.  (3)  at  T  =0: 


where  t  is  the  intergrain  coupling  length,  is  the  coher¬ 
ence  length  of  an  individual  grain,  and  R  is  the  radius  of 
a  spherical  grain  in  the  film."  For  very  weak  coupling,  t 
diverges  and  Hc2iT)  assumes  the  value  and  square-root 
temperature  dependence  which  is  appropriate  for  an  iso¬ 
lated  grain."’"’"  The  ratio  therefore  gives  a 

measure  of  the  degree  to  which  the  grains  of  the  film  are 
isolated  from  one  another.  At  r=0,  this  ratio  can  be 
shown  to  be  approximately  equal  to  (0.7)£^/£„„,  where 
Ej  is  the  intergrain  Josephson-coupling  energy  and  E^on 
is  the  condensation  energy  for  a  single  grain  in  a  square 
lattice.  The  physical  picture  of  the  upper  critical  field  in 
this  limit  is  different  from  the  strong-coupling  limit.  This 
is  because  the  cores  of  the  field-induced  vortices  primari¬ 
ly  reside  in  the  spaces  between  grains  and  not  on  them. 
In  this  case,  an  applied  field  uniformly  depresses  the 
order-parameter  amplitude  on  the  grains  throughout  the 
sample.  Below  11^2  there  are  no  “normal  vortex  core”  re¬ 
gions  on  the  grains. 

We  have  plotted  Hc2  versus  T/T^q  for  the  ll-kd  film 
in  Fig.  4  in  order  to  compare  our  date  to  Eq.  (3).  For 
agreement,  the  data  should  approach  linear  behavior  at 


(4) 


where  lT^=5«l>o/3(2xrfgr/t)^.  Thus,  the  date  imply  for 
the  11-kn  film  that  £^(0V£^„(0)w0.05.  To  our 
knowledge,  this  is  the  first  measurement  of  this  ratio  in  a 
disordered  thin-film  superconductor  near  the  S-I  transi¬ 
tion.  We  discuss  its  importance  in  more  detail  below. 
Also,  using  standard  expressions,  Ej=‘iHt^/Ae^Rff,^° 
'^/2,  where  Ao=1.4  meV  is  the  Pb 
zero-temperature  energy  gap,  Vg  =4irR  V3  is  the  volume 
of  a  grain,  and  N{Ep)  is  the  density  of  states  at  the  Fermi 
energy  in  Pb  we  can  estimate  R  and  At  =  1 1  kft, 
£/0)==0.41  meV  so  that  £eon(0)=8.2  meV.  Using 
A^(£f)=2. llX10“/cm^  eV,  we  get  ff»46A.  Taken 
with  the  mass  thickness  at  which  these  films  first  become 
electrically  continuous,  60  A,  this  value  for  R  implies 
that  the  grains  of  the  film  are  more  ellipsoidal  than  spher¬ 
ical.  Finally,  substitution  of  this  radius  into 
yields  ^g^iai  120  A. 

The  ratio  Ej  /E^  at  the  S-I  transition  reveals  a  great 
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deal  about  the  driving  force  behind  the  S-J  transition  in  a 
partkalar  system.  It  gives  a  relative  measure  of  the  mer- 
gies  required  for  fluctuations  of  the  phase  and  amplitude 
of  the  order  parameter.  Ej  gives  the  phase  fluctuation 
energy  and  gives  the  amplitude  fluctuation  energy. 
In  the  case  of  our  Pb  films,^’^'°  Ej/E^  is  very  small 
near  the  S~I  transition  implying  that  phase  fluctuations 
will  dominate  their  behavior  near  the  transition.  This  is 
consistent  with  earlier  suggestions  based  on  zero-field 
transport  data  in  similar  Pb  fihns.'~^  Films  composed  of 
smaller  grains,  but  with  a  similar  sized  energy  gap,  and 
Rif  will  tend  to  have  a  larger  value  of  Ej/E^  near  the 
S-I  transition  since  Uniform  films,^*^'**  in 

some  sense,  are  those  composed  of  smallest  grains.  In 
this  morphological  limit  Ej  /E^  should  assume  the  larg¬ 
est  value  at  the  transition  and  amplitude  fluctuations 
should  play  their  greatest  role. 

At  firet  glance,  it  is  surprising  that  these  parameters 
characterizing  the  film  are  so  reasonable  given  the  ideal¬ 
ized  ordered  array  model  from  which  they  were  derived. 
The  films  must  be  very  disordered  with  random  Joseph- 
son  couplings  between  grains  and  a  distribution  of  grain 
sizes.  We  speculate  that  the  reason  for  this  is  that  the 
transport  in  these  films  near  the  upper  critical  field 


occurs  via  single  grains  of  nearly  the  minimum  size  that 
are  coupled  together  with  resistances  on  the  order  of  R if. 
These  grains  have  the  highest  critical  fields  and  hence, 
Hct  is  determined  by  them. 

In  summary,  we  have  measured  the  perpendicular 
upper  critical  field  of  quench  condensed  granular  Pb  films 
with  sheet  resistances  that  range  from  lOH  to  11  kH. 
Near  the  films  behave  like  dirty  type-II  superconduc¬ 
tors  that  are  homogeneously  disordered  on  the  scale  of 
^(T).  Farther  below  and  at  the  highest  Rff  the  un¬ 
derlying  granular  structure  of  these  films  becomes  evident 
in  HfiiT).  From  these  data  we  obtain  a  measure  of  the 
radius  of  the  smallest  grains  in  the  system  and  the  coher¬ 
ence  length  on  a  grain.  We  also  determine  Ej  /E^  in  the 
11 -kH  film  and  argue  that  its  small  value  implies  that 
phase  fluctuations  should  dominate  the  behavior  of  these 
films  near  the  S-I  transition. 

We  have  benefitted  from  discussions  with  R.  C.  Dynes, 
T.  R.  Lemberger,  F.  Sharifi,  R.  Barber,  and  D.  Belitz. 
We  gratefully  acknowledge  the  support  of  the  Ofiice  of 
Naval  Research  N00014-92-J-1344.  This  work  was  also 
partially  supported  by  the  NSF  through  DMR-9 122268 
and  the  Alfr^  P.  Sloan  Foundation. 
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We  have  measured  the  magnetic-field  dependence,  0  5  A  <  8  T,  of  the  resistive  transitions  R  ( D  of  ul- 
trathin  granular  superconducting  Pb  films  with  normal-state  sheet  resistances,  Rg  <  100  kfl,  where 
RQ=h/4e^=‘6.A5  kll.  The  data  suggest  that  the  magnetic-field-induced  superconductor-to-insulator 
transition  in  these  films  occurs  in  a  field  regime  where  pair-breaking  effects  have  significantly  reduced 
the  amplitude  of  the  superconducting  order  parameter.  We  compare  our  results  with  those  obtained  on 
systems  with  uniform  morphologies. 


Increases  in  the  normal-state  sheet  resistance  R  jv  of  ul- 
trathin  superconducting  films  leads  to  enhanced  Coulomb 
interactions  between  the  conduction  electrons.  These  in¬ 
teractions  act  to  localize  the  electronic  states  and  reduce 
the  density  of  states  at  the  Fermi  energy.  Both  of  these 
effects  are  detrimental  to  the  formation  of  the  supercon¬ 
ducting  state.  The  localization  of  electronic  states  inter¬ 
feres  with  the  ability  of  the  superconducting  order  pa¬ 
rameter  to  become  phase  coherent  over  long  distances. 
The  reduction  of  the  density  of  states  reduces  the  ampli¬ 
tude  of  the  superconducting  order  parameter.  Numerous 
experiments  on  ultrathin  films  of  different  materials  and 
morphologies  have  shown  that  when  R  ff  exceeds 
~Rg=h/4e^=:6.45  kft,  these  detrimental  effects  drive  a 
superconductor-to-insulator  (SI)  transition.' 

Recent  experiments  on  systems  with  uniform  morphol¬ 
ogy’”’  and  an  ordered  junction  array'®  have  shown  that 
superconducting  films  with  Rf,  near  Rq  can  be  tuned 
through  this  transition  through  the  application  of  a  mag¬ 
netic  field.  In  particular,  experiments  on  InO  films  of  mi¬ 
croscopically  uniform  morphology  strongly  suggest  that 
the  magnetic-field-induced  vortices  are  responsible  for 
the  transition.’  They  are  mobile  and  hence,  cause  strong 
fluctuations  in  the  phase  of  the  order  parameter.  These 
results  are  in  agreement  with  the  predictions  of  a  scaling 
theory  of  a  zero-temperature  SI  phase  transition."’”  This 
theory  assumes  that  the  effects  of  fluctuations  in  the 
phase  of  the  order  parameter  and  not  the  amplitude  are 
relevant  to  the  SI  transition.  It  is  important  to  determine 
whether  or  not  this  picture  holds  for  the  field-tuned  tran¬ 
sition  in  materials  of  granular,  as  opposed  to  uniform, 
morphology.  First,  the  structure  of  the  field-induced  vor¬ 
tices  and  the  pinning  forces  that  reduce  their  mobility  de¬ 
pend  on  a  film’s  morphology.  Second,  films  that  are  com¬ 
posed  of  grains  that  are  large  enough  to  support  bulklike 
superconducting  order  parameters  are  inherently  more 
susceptible  to  fluctuations  in  the  phase  rather  than  the 
amplitude  of  the  superconducting  order  parameter.’’^  As 
a  result,  recent  theories  of  the  SI  transition"’”  that  em¬ 
phasize  the  role  of  phase  fluctuations  appear  particularly 
relevant  to  them. 

We  have  investigated  the  transport  properties  of 
granular  Pb  films  with  R^^  >  Rq  in  high  magnetic  fields  to 
address  this  question.  Our  results  suggest  that  the  field- 
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tuned  SI  transition  in  granular  Pb  films  with  Rj^^Rq 
occurs  in  a  different  magnetic-field  regime  than  that 
probed  in  recent  studies  of  this  transition.’”'®  In  this  re¬ 
gime,  the  motion  of  the  field-induced  vortices  plays  a 
minor  role  and  the  amplitude  of  the  superconducting  or¬ 
der  parameter  has  become  so  small  that  fluctuations  in  it 
become  important. 

The  Pb  films  used  in  these  experiments  were  thermally 
evaporated  onto  glass  substrates  that  were  maintained  at 
a  temperature  near  8  K  during  the  deposition,  i.e., 
quench  condensed.  Measurements  of  the  sheet  resistance 
of  the  films  were  performed  in  situ.  The  apparatus  has 
b^n  described  previously.'^  In  the  following,  we  present 
measurements  on  films  with  Rf^  in  the  range  6 
k(l<Ri^<  100  kil,  where  R/yr  =  R  ( 8  K),  in  perpendicular 
magnetic  fields,  0  T  <  8.0  T.  The  mass  per  unit  area 
of  these  films  was  approximately  equivalent  to  that  of  a 
60-A-thick  film  of  bulk  Pb. 

While  the  metastable  nature  of  these  films  has  preclud¬ 
ed  any  direct  structural  studies  of  them,  a  great  deal  of 
indirect  evidence  indicates  that  they  are  granular.  This 
morphology  ensures  that  the  amplitude  of  the  supercon¬ 
ducting  order  parameter  is  robust  in  the  sense  that  exter¬ 
nal  perturbations  induced  by  changes  in  R^  or  magnetic 
field  should  primarily  affect  the  phase  of  the  supercon¬ 
ducting  order  parameter  and  not  its  amplitude.  This  is  in 
contrast  to  the  case  of  uniform  films  for  which  the  ampli¬ 
tude  of  the  superconducting  order  parameter  decreases  as 
the  SI  transition  is  approached.'*  We  expect,  therefore, 
that  phase  fluctuations  will  dominate  the  field-tuned  SI 
transition  in  granular  films. 

In  Fig.  1  we  show  the  evolution  of  R  ( D  for  a  series  of 
Pb  films  that  span  the  zero-field  SI  transition.  This  evolu¬ 
tion  can  be  qualitatively  described  in  terms  of  a  disor¬ 
dered  Josephson-junction  array  model. ^  At  low  R^, 
Rjv  «Rq,  the  intergrain  Josephson  coupling  energies  are 
strong  enough  that  the  order  parameters  on  the  individu¬ 
al  grains  can  lock  phases  and  the  film  can  superconduct. 
As  shown  in  Fig.  1,  the  resistive  transitions,  R  (T)  of  the 
lowest  Rjy  films  are  relatively  sharp.  Increases  in  R/^  to 
c^Rq  weaken  the  intergrain  couplings  and  make  the  or¬ 
der  parameter  more  susceptible  to  thermal  and  quantum 
phase  fluctuations.  This  leads  to  broad  transitions  to  the 
superconducting  state.  For  R^y  ^  1(X)  kll,  the  average  in- 
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PIG.  1.  Sheet  resistance  vs  temperature  for  a  series  of  Pb 
films  evaporated  in  two  experimental  runs.  Note  the  gradual 
broadening  ofR(D  with  increasing  —It  (8  K)  that  eventual¬ 
ly  leads  to  insulating  behavior. 


tergrain  coupling  is  so  weak  that  the  disorder  enhanced 
repulsive  intergrain  Coulomb  interactions  enable  phase 
fluctuations  that  prevent  the  establishment  of  long-range 
phase  coherence  even  at  T  =0.  As  a  result,  the  ( 7T 
show  only  quasireentrant  superconducting  behavior  and 
insulate  at  T=0.  Eventually,  for  Rif>AOO  kfl  the 
quasireentrant  behavior  disappears  and  ItlD  increases 
exponentially  with  decreasing  temperature. 

We  show  the  response  of  films  with  6.8  kH  <  JR/^  <  100 
kd  that  are  on  the  superconducting  side  of  the  transition 
or  show  strong  superconducting  tendencies  to  an  applied 
magnetic  field  in  Fig.  2.  As  expected,  the  field  pushes  the 
system  toward  the  SI  transition.  The  data  in  Fig.  2,  how¬ 
ever,  demonstrate  that  the  detailed  response  of  RiT)  de¬ 


FIG.  2.  Sheet  resistance  as  a  function  of  temperature  for 
films  with  A/v  in  the  vicinity  of  the  SI  transition  in  magnetic 
field.  The  circles  correspond  to  /f  =0.0  T,  the  triangles  on  the 
left-hand  side  correspond  to  H  =0.5  T,  and  the  diamonds  on 
the  right-hand  side  correspond  to  W  =2.0  T.  Notice  how  the 
0.5-T  field  “broadens”  the  0  field  R  ( T)  and  how  the  2.0-T  field 
“shifts”  it. 


FIG.  3.  Sheet  resistance  as  a  function  of  temperature  for 
Ajv=6.8  kH  in  magnetic  fields  of  0,  2,  4,  S,  6,  and  8  T.  Inset: 
R  ( T)  from  the  main  body  of  the  figure  shifted  in  temperature  so 
that  their  low-temperature  parts  line  up. 


pends  on  the  magnitude  of  the  applied  field.  "Low” 
fields,  H  <0.5  T,  make  the  tail  of  R(T)  grow  and  hence, 
broaden  it  [see  Fig.  2  (left-hand  side)].  Increasing  the 
field  further  does  not  lead  to  additional  broadening  but 
instead  to  a  “shift”  of  R(T)  to  lower  temperatures.  This 
is  shown  in  Fig.  2  (right-hand  side)  where  we  have  plotted 
it  ( D  in  0  and  2  T  for  two  different  R^.  We  demonstrate 
this  high  field  response  in  much  more  detail  in  Figs.  3  and 
4  where  we  present  R{T)  for  Ri^= 6.%  and  32  kfi,  respec¬ 
tively,  in  fields  up  to  8  T.  In  the  inset  of  Fig.  3,  we  have 
shifted  each  of  the  curves  in  the  main  part  of  the  figure 
along  the  temperature  axis  an  amount,  ATiH),  so  that 
the  tails  of  the  R{T)  in  all  fields  lie  atop  one  another. 


FIG.  4.  Sheet  resistance  as  a  function  of  temperature  for 
A/v  =  32  kn  in  magnetic  fields  of  0,  2, 4,  6,  and  8  T.  Inset:  A  ( T) 
in  fields  of  6.0,  6.S,  6.7S,  7.0,  7.S,  and  8.0  T  to  show  the  ap¬ 
proach  to  the  normal  state.  The  7.3  and  8.0  T  curves  are  nearly 
coincident. 
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Data  in  fields  up  to  4  T  overlap  over  more  than  2.S  de¬ 
cades  of  resistance. 

While  there  are  changes  in  the  shapes  of  the  R  ( D  for 
If  >4  T,  the  dominant  field  effect  still  appears  as  a  shift 
m  the  /t  ( T).  Our  lowest-temperature,  hi^est-field  data 
shown  in  the  inset  of  Fig.  4  suggest  t^t  this  is  the  case 
right  up  to  If  w8  T:  the  fidd  at  which  all  signs  of  super- 
(xmductivity  in  the  grains  of  the  film  disappear.  Qualita¬ 
tively,  the  small  changes  in  the  shapes  of  the  Jt  (D  that 
occur  at  these  higher  fields  are  such  that  they  are  rounder 
and  their  downward  curvature  is  larger  (see  the  4  T  data 
in  Rgs.  3  and  4).  Hiis  latter  tendency  suggests  that  at 
sufficiently  low  tempmatures,  films  with  as  high  as  32 
kO  will  superconduct  in  a  4-T  field. 

In  general,  the  application  of  a  magnetic  field  on  a 
type-II  superconductor  introduces  vortices  that  are  detri¬ 
mental  to  the  superconducting  state  in  two  ways:  by  caus¬ 
ing  pair  breaking  or  by  causing  phase  slips  through  their 
motion.  Pair  breaking  reduces  the  transition  temperature 
and  the  amplitude  of  the  order  parameter  of  the  super¬ 
conductor.  For  a  small  pair  breaking  rate,  a,  the  resis¬ 
tive  transition  shifts  by  AFs:  ira/4.  The  motion  of  vor¬ 
tices  in  a  superconductor,  through  flux  creep  or  flow,  in¬ 
creases  the  resistance  at  a  given  temperature  in  propor¬ 
tion  to  the  number  of  vortices  in  the  system.  This  usually 
leads  to  a  broadening  and  the  growth  of  a  tail  in  the  resis¬ 
tive  transition  that  is  qualitatively  similar  to  the  effect  of 
increasing  R/f  of  a  granular  film  (see  Fig.  1)  or  increasing 
the  magnetic  field  on  InO  films  with  Rf,=!‘RQ.''  Thus,  the 
response  of  R(T)  to  low  fields  in  granular  Pb  films  can 
pri^bly  be  attributed  to  motion  of  the  field-induced  vor¬ 
tices.  At  high  fields,  the  pair-breaking  effects  of  the  field 
are  more  important  and  the  field-induced  vortex  motion 
is  a  secondary  effect. 

Our  earlier  Hgj  studies  on  granular  Pb  films  implied 
that  the  grains  in  films  with  ^  1 1  kO  are  very  weakly 
coupled  to  one  another.’^  In  this  limit,  the  pair-breaking 
effects  induced  by  magnetic  fields  are  dominated  by  the 
properties  of  the  individual  grains,  such  as  their  radii, 
and  should  therefore  be  independent  of  Rf,.  Referring 
to  Fig.  2  (right-hand  side),  it  is  clear  that  the  shifts  in 
R  (7^  do  not  depend  on  Rf,.  From  the  field  dependence 
of  AT  we  have  determined  that  the  grains  of  the  film  have 
a  lateral  radius  of  s:46  A. 

The  “normal”  state  that  emerges  as  the  field  shifts  the 
R  ( 71  to  lower  temperatures  appears  to  be  that  of  a  disor¬ 
dered  metal  in  the  two-dimensional  limit.  We  demon¬ 
strate  this  in  Hg.  S  where  we  show  that  the  sheet  conduc¬ 
tance  of  films  with  Rjv=lS.S  and  32  kd  decreases  loga¬ 
rithmically  with  temperature  in  a  field  of  8  T.  This  tem¬ 
perature  dependence  has  been  observed  in  normal-metal 
films  in  high  magnetic  fields'^  and  has  been  attributed  to 
the  effects  of  discHder  enhanced  electron-electron  interac¬ 
tions  in  two  dimensions."  These  effects  lead  to  a 
temperature-dependent  conductance  correction  of  the 
form:'* 

Gm-GiT,)=A-^\n(T/T,).  (I) 

2irn 

where  is  a  constant  that  is  less  than  or  equal  to  one.'^ 
These  electron-electron  interaction  effects  become 


Temperature  (K) 


FIG.  S.  Sheet  conductance  as  a  function  of  temperature  for 
two  films  with  Rf  —  tS.S  kft  (circles)  and  Rs  =  'il  kh  (triangles) 
in  units  of  Goo=e^/2ir^  vs  the  logarithm  of  the  temperature  in 
a  field  of  8  T.  The  solid  lines  are  least-square  fits  to  the  data. 


stronger  at  lower  temperatures  and  eventually  lead  to  the 
localization  of  the  electronic  states  and  insulating 
behavior.  The  slopes  of  the  logarithmic  fits  to  the  data  in 
Fig.  5  imply  that  A  =0.30  and  0.3S  for  the  32  and  IS.S 
kn  films,  respectively.  Given  these  reasonable  values,  we 
conclude  that  these  films  have  an  insulating  normal  state 
atr=o. 

In  this  sense,  these  granular  films  can  be  considered  su¬ 
perconducting  insulators.  Furthermore,  the  responses  of 
the  6.8  and  32  kfl  films  to  high  fields  suggest  that  their 
magnetic-field-induced  SI  transitions  are  driven  by  the 
pair-breaking  effects  of  the  applied  field.  These  pair¬ 
breaking  effects  reduce  the  amplitude  of  the  supercon¬ 
ducting  order  parameter  and  the  of  the  individual 
grains  of  the  film.  Effects  due  to  the  motion  of  the  field- 
induced  vortices  on  this  transition  are  secondary.  This  is 
in  stark  contrast  to  the  behavior  observed  in  uniform  InO 
films^  where  the  motion  of  the  field-induced  vortices  is  of 
paramount  importance. 

We  find  it  surprising  that  the  magnetic  field  has  a  more 
detrimental  effect  on  the  amplitude  as  opposed  to  the 
phase  of  the  superconducting  order  parameter  in  granu¬ 
lar  films  since  increases  in  R;y  produce  the  opposite 
effect.  In  a  similar  way,  the  results  on  uniform  films  are 
counterintuitive.  The  InO  data^  suggest  that  magnetic 
fields  induce  phase  fluctuations  in  uniform  films  while  in¬ 
creases  in  Rf,  reduce  the  order-parameter  amplitude.'* 
Thus,  increasing  disorder  in  or  increasing  the  magnetic 
field  on  a  film  near  the  SI  transition,  in  this  sense,  pro¬ 
duces  changes  in  the  superconducting  order  parameter 
that  are  “orthogonal”  to  one  another. 

As  we  noted  earlier,  the  qualitative  response  of  R  ( D 
to  magnetic  fields  below  2  tesla  differs  from  that  above  2 
tesla.  We  believe  that  the  existence  of  these  two  regimes 
reflects  the  fact  that  granular  films  have  an  intrinsic 
length  scale  given  by  the  grain  radius.  If  we  model  these 
films  as  Josephson  junction  arrays,  then  the  minimum 
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area  of  a  supercondocting  loop  will  be  on  the  same  order 
as  1rJt^  whm  Jl  is  the  grain  radius.  This  minimum  loop 
area  defines  a  characteristic  field  For 

H  5  H*,  the  field  response  is  dominated  by  the  changes  in 
the  screening  currents  around  loops  of  the  array  of  area, 
<Po//f .  Increases  in  H,  on  average,  lead  to  increases  in 
these  currents.  The  flow  of  these  currents  reduces  the 
effective  Josephson  coupling  energies  between  junctions 
in  a  loop  and  hence,  makes  them  more  susceptible  to 
phase  fluctuations.  Hiese  phase  fluctuations  will  lead  to 
enhanced  dissipation  and  a  broadening  in  R  ( D.  This  is 
because  the  fractional  change, 

8r(H)=[ji{r,^r)-ii(r,o)]/if(r,o) , 

is  largest  at  temperatures  where  the  loops  are  largest. 
This  occurs  at  low  temperature  where  the  size  of  phase 
coherent  regions  in  the  film  is  greatest.  For  H>H*,  all 
loops  in  the  film  contain  at  least  a  single  flux  quantum 
and  further  increases  in  the  external  field  do  not  increase, 
on  average,  the  screening  currents  in  the  film.  The  in¬ 
creases  in  local  field  strength  leads  to  increases  in  the 
pair-breaking  rate  dictated  by  the  properties  of  the  indivi¬ 
dual  islands  of  the  array. 

The  data  in  Fig.  2  show  that  the  crossover  in  field 
response  occurs  near  2  T.  In  the  context  of  the  model 
above,  this  implies  that  the  minimum  loop  in  a  granular 
Pb  film  has  an  area  equivalent  to  a  circle  of  radius  of  ISO 
k.  Given  the  grain  radius  of  46  A,  the  minimum  loop 
would  encompass  a  few  grains.  This  seems  reasonable 
and  gives  us  confidence  that  this  is  the  physical  source  of 
the  two  field  regimes. 

The  response  to  magnetic  fields  of  the  R(T)  in  InO 
films^  and  ordered  Junction  arrays'^  that  are  near  the  SI 
transition  is  qualitatively  more  similar  to  that  observed 
here  in  the  low-field  regime  than  in  the  high-field  regime. 
That  is,  R(T)  in  those  systems  broadens  in  response  to  a 
field.  This  broadening  continues  through  the  SI  transi¬ 


tion  and  the  R  ( D  assume  a  quasireentrant  shape  on  the 
insulating  side  of  the  transition.  The  results  of  these  ex¬ 
periments  agreed  with  recent  scaling  theories  of  the 
field-tuned  SI  transition."  In  the  case  of  the  ordered  ar¬ 
rays,  it  is  clear  that  the  experiments  were  performed  in 
this  low-field  regime.  Our  experiments  show  that  for 
comparable  and  higher  Rf,  values,  disordered  granular 
films  have  a  field-tuned  SI  transition  that  occurs  in  the 
strong  field  regime.  The  reason  for  this  qualitative 
difference  between  the  arrays  and  granular  films  probably 
stems  from  the  disorder  in  the  latter  system.  In  fact,  re¬ 
cent  Monte  Carlo  simulations  predict  that  the  critical 
low-temperature  resistance  at  which  the  SI  transition  de¬ 
scribed  in  Ref.  11  occurs  increases  with  disorder."  We 
speculate  that  the  field-driven  SI  transition  can  occur  in 
the  low-field  limit  in  granular  films  with  R^»Rq  and 
that  in  this  regime  the  transition  may  appear  more  quali¬ 
tatively  similar  to  the  ordered  array  case.  Further  experi¬ 
mental  work  at  lower  temperatures  is  needed  to  assess 
this  hypothesis. 

In  summary,  we  have  presented  measurements  of  the 
magnetoresistance  of  ultrathin  granular  Pb  films  with 
normal-state  sheet  resistances  greater  than  the  quantum 
of  resistance.  Our  data  show  evidence  of  a  magnetic- 
field-induced  SI  transition  in  films  with  Rff  as  high  as  32 
kn.  This  transition  occurs  in  a  high-field  regime  where 
pair-breaking  effects  have  significantly  reduced  the  ampli¬ 
tude  of  the  superconducting  order  parameter. 
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R.  Barber,  F.  Sharifi,  M.  P.  A.  Fisher,  J.  M.  Kosterlitz, 
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We  present  electrmi  transport  measurements  that  demonstrate  that  Pb  filtn«  that  are  on 
the  insnlating  side  of  the  two  dimensional  superconductor  to  insulator  transition  can  be  noade 
supercfmdncting  by  depositing  a  normal  metal,  Ag,  on  them. 


1.  INTRODUCTION 

Patting  a  normal  metal  in  intimate  con¬ 
tact  with  a  siq^condactor  degrades  some  of 
the  siqiercondactor’s  properties  and,  under 
certidn  drcnmstances,  enhances  others.  The 
pimdndty  of  the  normal  metal  weakens  the 
pairing  potential  and  reduces  the  mean  field 
transitian  tenq>a*ature,  T«,  of  the  superam- 
ductar[l].  On  the  other  hand,  if  the  super¬ 
conductor  has  a  granular  morphology,  then 
placing  a  normal  metal  among  its  grains  can 
enhance  the  intergrain  coupling  strength  and 
thereby  increase  the  intergndn  critical  cur^ 
roits.  We  have  investigated  the  effects  of  de¬ 
positing  a  normal  metal,  Ag,  onto  tiltrathin 
Pb  films  that  are  on  the  insulating  side  of  the 
superconductor  to  insulator  transition.  The 
effects  the  ncumal  metal  are  dramatic.  The 
Pb  films  can  be  driven  through  the 
snpercimductor  to  insulator  transition  by  the 
addition  of  Ag. 

2.  SAMPLES 

The  films  used  in  these  studies  were  evap¬ 
orated  onto  fire  polished  glass  substrates  held 
at  8  K  in  a  cryostat  immersed  in  liqmd  He¬ 
lium.  The  cryopumping  action  of  the  walls 


of  the  cryostsd  insures  that  the  evaporated 
films  are  firee  of  contaminaats.  Measurements 
the  sheet  resistance  as  a  function  of  tem¬ 
perature,  R(T),  were  performed  tn  stti42].  In 
what  follows,  we  express  the  mass  deposited 
in  ternu  of  the  thickness  of  a  layer  of  bulk 
material  of  the  same  areal  density.  For  Rir  = 
R{8K)  >  3000,  both  Dps  the  thick¬ 

nesses  of  the  Pb  and  Ag  layers,  are  smaller 
than  the  superconducting  coherence  length.[2} 

3.  RESULTS  AND  DIS<'  *^SSION 

In  Fig.  la,  we  show  logarithm  of  R  as  a 
function  of  T  for  a  Pb  film  of  40  A  topped 
with  increasing  amounts  of  Ag.  Rff  of  Pb 
films  thinner  than  60  A  are  too  huge  to  mea¬ 
sure.  The  evolution  of  R(T)  with  increasing 
Ag  thickness  is  qualitatively  very  similar  to 
what  is  observed  in  pure  granular  fiims.[3,4] 
The  deposition  of  ^  25  A  of  Ag  produces 
the  uppermost  curve  of  Fig.  la  which  rises 
nearly  exponentially  with  decreasing  temper¬ 
ature.  This  film  was  probably  an  insulator 
at  T  =  0.  Subsequent  evaporations  of  small 
amounts  of  Ag,  »  lA,  transform  the  film’s 
insulating  behavior  into  superconducting  be- 
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Figure  1.  a)R(T)  for  a  Dpi,  =  40A  fUm  topped 
with  different  amounts  of  Ag.  b)  Film  thick¬ 
ness  dependence  of  Rff  for  a  pure  Pb  film  and 
the  films  in  a). 

havior.  The  transition  temperature  of  m  3.6K 
is  significantly  less  than  the  bulk  Pb  value  of 
7.2  K.  Thus,  these  data  show  an  insulator  to 
superconductor  transition  that  occms  as  the 
amount  of  normal  metal  in  the  sample  is  in¬ 
creased. 

We  can  learn  about  the  morphology  of 
this  Pb/ Ag  system  by  examining  the  film  thick¬ 
ness  dependence  of  Rs-  Fig*  lb  we  plot 
the  logarithm  of  Rs  vs.  Dpi,  -|-  Dxg  for  pure 


Pb  films  (closed  symbols)  and  Pb/Ag  films 
with  Dpb  =  40A  (open  symbols).  For  the 
smallest  thicknesses,  Rs  decreases  nearly  ex¬ 
ponentially  with  thickness  indicating  that  elec- 
trmi  tunneling  processes  dominate  the  trans¬ 
port  and  therefore,  these  films  have  a  gran¬ 
ular  morphology  near  the  insulator  to  super¬ 
conductor  transition[3].  Rs  would  drop  more 
slowly  than  exponentially  if  the  films  had  a 
uniform  morphology.  Thus,  the  data  imply 
that  the  Ag  coats  the  Pb  grains  enUrging 
them  and  reducing  the  intergrsdn  separation. 
This  enhances  the  intergndn  Josephson  cou¬ 
plings  which  reduces  the  fluctuations  in  the 
phase  of  the  superconducting  order  parame¬ 
ter  and  leads  to  zero  resistance.  The  Cooper 
theory  of  the  proximity  effect  should  worl^ 
this  picture  since  it  assumes  that  the  nor 
and  superconductor  regions  are  in  intim^ 
contact  and  have  dimensions  smaller  than  a 
coherence  length.  The  grain  Te’s  should  be 
reduced  by  a  factor  of  e^pi-D^glDpi,)  os 
0.5[1]  in  good  agreement  with  the  data. 

4.  SUMMARY 

We  have  used  Ag,  a  normal  metal,  to 
transform  an  insulating  granular  Pb  film  into 
a  superconductor.  The  deposited  Ag  acted 
to  increase  the  intergrain  Josephson  coupling 
ener^es  and  thereby  enable  the  superconduct¬ 
ing  order  parameter  to  develop  phase  coher¬ 
ence  over  the  entire  sample. 
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Hsrtroe  tesadiiig  mssratomsets  of  tbo  Coalamb  aaooislj  in  tho  duuitj  of  ststes  in  strong 
fiMcdorod  qeonA  coeHonoai  grannlar  fflmf  sro  pweiintod.  Tlis  ctrongth  of  this  snomaly  grows 
widi  jncrsoihig  shoot  rodstanco,  Bin  st  low  Ra  but  sntnrstos  nt  hi^  Rh.  We  suggest  that  the 
Ipannlar  aaocphologj  of  these  films  is  responsiUe  Ck  tho  sstvrstion. 


1.  INTRODUCTION 

huseoses  in  tho  static  disorder  in  metal 
films  dogcadoe  the  screening  ci9ahiliti.es  of 
tho  ceednction  e~,  increases  spatial  corrda- 
tioes  among  them  and  thus,  increases  tho  ef- 
fiKthre  e~  —  e"  intesacthms.  This  leads  to  a 
decrease  of  tho  donsitj  of  states  about  Ef. 
[1  —  S]  In  two  dimensional  weaUj  ^Usordered 
systems,  this  decrease  is  i^ren  by  [4]: 


2.  SAMPLES 

The  disordered  films  were  depoeitod  onto 
cooled  substrates  (~  fiJT)  on  whi^  an  oai- 
dised  A1  strip  had  been  prerionsly  d^odted. 
The  disordered  film  and  A1  str^  serred  as 
the  tnnad  junction  doctrodes.  Four  temd- 
nal  measurements  of  Gj{V)  were  perfiMmad 
at  8K  in  situ,  hi  Ret  the  normal  state  con¬ 
ductance  Oj(V)  does  not  depend  on  temper¬ 
ature  for  cF  >  kT.  We  hare  measured  G^(V) 
of  grannlar  Pb  and  Sn  films  with  Rif  ran^ng 
from  ion  (krl  1)  up  to  70k(l  (M  ~  04). 

Gj{y)  can  be  written 


where  A,,  depends  on  the  strength  and  fmm 
of  the  effisctiTe  s'*  —  e~  interactions,  1  is  the 
moan  free  path,  (  is  the  locaUiation  length 
and  is  the  rate  of  elastic  collisions.  This 
dendty  of  states  anomaly  appears  as  an  ano¬ 
maly  b  the  conductance  as  a  function  of  volt¬ 
age,  Gjjiy)  of  tumid  junctions  with  a  dism- 
deied  fite  as  one  of  the  dectrodes.  Here,  we 
prasent  pr^ndnary  stupes  this  anomaly 
in  films  that  range  from  the  weakly  disor- 
dorad  limit,  idiere  this  theory  applies,  to  the 
strong  disordered  limit,  where  it  does  not. 
We  find  that  film  morphdogy  ]^ys  an  im¬ 
portant  role  in  determing  the  strength  of  this 
anomaly  and  thus,  the  strength  of  the  c~-c~ 
farteractkins  in  strong  disordered  films. 


Cj(V)= 

where  E  is  the  energy  relative  to  Ejp,  f  is  the 
Fermi  distribution,  V  is  the  voltage  across 
junetkm,  Nm  is  the  density  of  states  for  the 
A1  str^  and  is  the  density  of  states 

for  the  investigate  film.  P(E)  is  the  tun¬ 
neling  probability.  We  normalised  all  curves 
by  the  lowest  Rn  film  for  each  experimwital 
run  to  eUnoinate  the  effects  of  Nm  end  P(E), 
so  the  normalised  junction  conductance,  Gm% 
reveals  corrections  to  Npum.  due  to  disorder 
effects. 
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1  Wo  vs. 

fci'graaislar  Sa  fUnu.  The  dotted 
c^c  data  aad  the  solid  lines  show  lin- 
ca:.'  sc.^aas.  These  regions  shrink  and  their 
do  tj  giijw  with  increasing  R/f.  The  fhnc* 

ik  id  idirei  of  Gff{V)  at  high  voltages  is  an- 

. 

Wo  liiot  the  slope  vs.  Rjf  for  Pb  and 
da  f<lEi3  ia  Fig.  2.  At  low  Rs  these  slopes 
hut  at  high  En  they  saturate.  The 
chczt  reiistance  at  which  they  saturate,  R/f^ 
crad  the  saturation  value  are  both  higher  in 
Sa  thaa  in  Pb.  This  saturation  value  appears 
to  s^cale  tdth  the  inverse  of  the  film  thickness. 

According  to  Eq.(l)  tbs  slope  of  this  /n(V) 
dependence  corresponds  to  the  strength  of 
the  e"  —  e~  Interactions  and  R/f  represents 
the  degree  of  the  disorder.  Disorder  enhances- 
the  effective  e”  — interactions,  so  the  slopes 
chould  grow  with  increasing  Rff.  We  beUeve 
that  this  observed  saturation  results  from  a 
morphology  change  (“grMular"  to  “uniform") 
that  occurs  near  R^.  Above  jRJy-,  films  are 
made  of  isolated  grains  and  the  transport  prop¬ 
erties  are  dmninated  by  intergrain  tunneling 
processes.  Below  JZJIf,  the  grains  start  to  cou¬ 
ple  together  and  the  film  becomes  more  uni¬ 
form.  For  the  granular  morphology  the  effec¬ 
tive  e~  —  e"  interactions  are  dondnated  by 
grain  fharglng  effects.  These  depend  only  on 
the  intergrain  capacitances  which  are  inde¬ 
pendent  of  R/f  For  the  uniform  morphology, 
where  the  theory  applies,  the  effective  inter¬ 
actions  depend  on  Rff- 

4.  SUMMARY 

We  have  measured  the  density  of  states 
of  granular  Ph  and  Sn  films  with  R/r  up  to 
70kn.  The  strength  of  the  coulomb  anomaly 
saturates  at  high  R/f.  We  attribute  this  effect 
to  the  granular  morphology  of  the  films. 
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Fig.  1  granular  Sn  300iRMi70kO 
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